OPTIMIZATION OF THE HONEY CONVEYOR IN THE ARID STEPPE CONDITIONS OF NORTHERN KAZAKHSTAN
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ABSTRACT
This study evaluated the potential of perennial and annual honey crops to optimize the honey conveyor in the arid steppe conditions of Northern Kazakhstan. Field experiments were conducted from 2022 to 2024 on dark chestnut soils in the Akmola region using blue hybrid alfalfa (Lazurnaya), sandy sainfoin (Shortandinsky Rubin), yellow sweet clover (Sarbas), buckwheat (Shortandinskaya-4), rapeseed (Maybulak), mustard (Slavyanka), sunflower (Sochinsky), and phacelia (Ulyanovskaya). Six Carpathian bee colonies were placed on experimental plots, with control areas isolated from pollination. Observations included nectar productivity, flowering duration, bee visitation, and honey quality parameters. Results demonstrated significant interannual variation influenced by precipitation and hydrothermal conditions. Yellow sweet clover and sandy sainfoin showed the highest nectar productivity (103.8 and 90.8 kg/ha), while buckwheat provided both high nectar productivity (163.2 kg/ha) and the longest flowering period (42 days). Bee visitation peaked between 11:00 and 15:00, with sweet clover and sainfoin proving especially attractive. Pollination increased flower set by 2–3 times compared to control plots, particularly in buckwheat (20% vs. 69%) and rapeseed (40% vs. 85%). Honey quality indicators varied by crop, with buckwheat honey showing the highest diastase number (28.4) and sainfoin honey demonstrating low acidity and high sweetness. Overall, combining crops with staggered flowering periods ensures continuous nectar availability, enhancing honey yields and maintaining bee colony health. The findings highlight yellow sweet clover, sandy sainfoin, and buckwheat as priority crops for forming a sustainable honey conveyor in the steppe zone of Northern Kazakhstan.
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1. INTRODUCTION
The honey bee (Apis mellifera) is a keystone eusocial insect critical in maintaining natural ecosystems and providing significant benefits to humanity (Klein et al. 2007). The species produces honey, royal jelly, propolis, and bee bread products and performs important pollination functions for wild and agricultural plants (Ahmad et al. 2021; Anjum et al. 2019; Klein et al. 2007; Requier et al. 2019). However, honey bee populations are subject to various pressures, including habitat loss, predators, parasites, diseases, pesticide use, and climate change (Goulson et al. 2015; Smith et al. 2013). Bee feeding dynamics are important in maintaining populations and colony health (Khan and Ghramh 2021; Vaudo et al. 2015). In addition, adequate food availability is essential for normal colony growth and development. The challenges faced by honey bees are particularly acute in arid and semi-arid regions, such as the steppe zone of Northern Kazakhstan. Northern Kazakhstan's arid steppe climate is distinguished by harsh, cold winters and scorching, dry summers. The region receives little precipitation, averaging between 150 and 300 mm per year, making moisture scarce, particularly in the summer. These elements, along with strong winds, create weak, poorly constructed soils that are prone to wind and water erosion, raising the danger of wildfires and desertification. The potential productivity of natural pasture is modest, and there are issues with ongoing degradation. The degradation is attributable to the complicated environment, local ecology, and inadequate agronomic management in recent decades, such as overgrazing (Akhylbekova et al. 2022; Stybayev et al. 2021). Due to the agricultural pressure and difficulties faced in Nothern Kazakhstan such as climate related challenges, sporadic land degradation, poor land management and seed availability, these conditions makes the optimization of agricultural practices, like establishing a reliable honey conveyor, not just an economic issue but an ecological imperative (Ryssaliyeva et al. 2025).
Honey bees can simultaneously visit various food sources and can travel up to 10 kilometers to collect primary food resources such as nectar and pollen. These resources are stored in their colonies as honey and bee bread (Wright et al. 2018). Nectar, in particular, is the main source of carbohydrates needed to meet the energy needs of bees (Abou-Shaara 2014; Khan et al. 2021). Pollen, in turn, provides honey bees with macro- and micronutrients, including proteins, minerals, vitamins, and lipids, which are critical for brood growth, maturation, longevity of adults, and overall colony development (Arien et al. 2018; Loidl and Crailsheim 2001). The fatty acid content and nutritional components of pollen vary depending on the diversity of plant species (Roulston and Cane 2000) and are directly related to the health of honey bees (Alaux et al. 2010). Importantly, the nutritional value of pollen can be more accurately estimated based on its amino acid composition rather than its total protein content, as its nutritional value is reduced by a deficiency of essential amino acids (Al-Kahtani et al. 2020; Cook et al. 2003). Determining the forage intake of honey bees is a complex process due to significant variations in nutrient requirements that depend on the caste and life stage of the bee, as well as inter- and intra-seasonal changes in food availability.
Additionally, supplemental feeding practices in beekeeping show significant variability (Rodney and Purdy 2020). During winter or drought conditions, when food resources become limited, negative effects on queen reproductive performance are observed, leading to decreased worker numbers and an increased risk of migration or colony abandonment (Morais et al. 2013). In the Middle East, high temperatures and dry conditions during summer increase mortality in honey bees due to reduced flowering and reduced pollen availability caused by heat stress, an important food source for foraging bees (Awad et al. 2017). Thus, to ensure the health of the bee colony, necessary for honey production and pollination functions, a food base is required during the warm period, especially in the arid steppe of Northern Kazakhstan. In this regard, the creation and use of honey conveyors is one of the pressing issues of modern beekeeping since they allow optimization of the availability of nutritional resources and ensure the sustainable development of bee populations. A honey conveyor is a simple system of honey value crops that provides a continuous supply of pollen and efficiently keeps bees in the field. The best techniques in beekeeping and pollination management result in higher agricultural yields. Placing beehives near agricultural fields with flowering cultivated plant species, where honey yield is heavily reliant on the optimal design strategy, is critical for maximizing bee efficiency in pollination and bee product production. There are mathematical methods that can help optimize the number of bee colonies and apiary sites by selecting the optimum option from a list of alternatives. Creating a "honey conveyor" of flowering cultivated plants during the active honey gathering season is an intriguing method to provide food supplies to bee colonies (Atanasov and Vezirov 2021). When designing a honey conveyor, it's crucial to consider the honey base and plant classification based on phenological criteria, such as flowering stage length and season (Cîrlig 2022). Effective planning of honey conveyors can include the selection of perennial and annual honey crops that provide a continuous flow of nectar and pollen and contribute to the improvement of the ecosystem and increased agricultural productivity in the region. According to recent studies, the plants chosen for this study include annuals like buckwheat, phacelia, and sunflower as well as perennial legumes like yellow sweet clover, sandy sainfoin, and alfalfa (Medicago sativa). Buckwheat is renowned for its quick nectar secretion and long flowering, while sweet clover is well-known for its high nectar sugar content (Akter et al. 2023; Žiganova et al. 2022). However, the majority of their recorded performance comes from more temperate or humid areas. There is still much to learn about their relative effectiveness, resistance to the unique abiotic stresses of the Kazakh steppe, and potential for synergy in a coordinated conveyor system. For Kazakhstan's agricultural industry, closing this knowledge gap is crucial. Considering the potential to increase both domestic honey production and the pollination services needed for other important agricultural commodities, beekeeping is an essential part of the rural economy (Selamoglu et al. 2025). Strong pollinator populations directly affect the yield of entomophilous crops like sunflower, buckwheat, and other fruits and vegetables. This study contributes to food security and rural livelihoods by securing a robust forage base through optimized honey conveyors, supporting not only apiculture but also the region's overall agricultural system's resilience and productivity.
The aim of the study is to optimize the honey conveyor in the arid steppe of Northern Kazakhstan, increasing beekeeping productivity and the sustainability of the region's ecosystem.
The research paper is structured as follows: In Section Materials and Methods, we describe the methodology for a scientific experiment assessing the impact of honey bee pollination compared to isolation from bee activity on the yield and productivity of various flowering agricultural crops. The results of the influence of meteorological and environmental conditions, bee pollination, and plant-specific nectar productivity on the yield and honey quality of various agricultural honey crops, as well as verification and comparison with the experimental study, are represented in Section Results. Lastly, In the Sections Conclusion and Discussion, we summarized all of our remarks and gave a brief discussion of our study about limitations and areas of improvement.

2. MATERIALS AND METHODS
The research was conducted on an area of 0.448 hectares in the A.I. Barayev Scientific and Production Center for Agricultural Production on dark chestnut soils in the Talapkersky rural, Tselinograd, and Akmola regions. The objects of the research were perennial legumes: blue-fleshed alfalfa, Lazurnaya variety; sandy sainfoin, Shortandinsky Rubin variety; yellow sweet clover, Sarbas variety; annual crops: common buckwheat (sown), Shortandinskaya-4 variety; rapeseed, Maybulak variety; Sarepta mustard, Rushena variety; sunflower, Sochinsky variety; phacelia pygmy-leaved, Ulyanovskaya variety; honey bees of the Carpathian breed. Total area of the plot: 8×4×140=4480 m2. Plot size – 140 m2, 4-fold repetition. The control plot of 1 m2 will be unavailable (isolated) for pollination by honey bees to study the dependence of bee pollination on crop yield.
In May, 6 bee colonies of the Carpathian breed were placed on the experimental plot to pollinate the experimental plots (Fig. 1). The Dadan hives contain 10 frames in one body. Observations were also carried out on wild pollinators, which also perform pollination functions, but full local pollination can be achieved by transporting the apiary to honey-bearing lands. The hives were installed directly near the plots, which gives the advantage of pollinating the necessary areas. As the studied crops bloomed, observations were carried out according to the methodology and the set tasks.
The control variant was a variant without pollination. In the control variant, in order to prevent pollination of plant flowers by honeybees, gauze insulators were installed according to the design of Dmitry Pankov's patent No. 2420950 "Method for determining the dependence of the seed yield of entomophilous crops on pollination by bees" (Dospekhov 1985) (Fig. 2).
The method simplifies the process and reveals the advantages of honey bees over wild pollinators. Using a polymer mesh with a hole size of 355-390 microns to manufacture group insulators provides a reliable barrier against unwanted penetration of foreign pollen onto flowering plants. The experiments used the generally accepted and recommended technology for buckwheat cultivation for the region (Osobennosti provedeniya 2023), except for the studied bee pollination factor. To study the dependence of bee pollination on yield. The control plot of 1 m2 was not available (isolated) for pollination by honey bees. The experiments are laid out with repetition in time 2022-2024. The experimental scheme is presented in Table 1.
During the research, the following records and observations were made:
1. Determination of the sowing suitability of seeds according to GOST 12038-84 (USSR State Committee on Standards 1984).
2. Phenological observations of plant growth and development phases and determination of interphase periods were carried out according to the generally accepted method of state variety testing of agricultural crops (Golovachev and Kirilovskaya 1989; Ministry of Agriculture of the Republic of Kazakhstan 2011).
3. The nectar productivity of flowers was determined according to the "Study of nectar productivity indicators of honey plants by the flushing method" (Kirillenko and Golovin 1985). This method is simple and accessible in the field, where it is used with the RL-1 refractometer.
4. Accounting for the density of plant standing according to the method of State variety testing of crops (Golovachev and Kirilovskaya 1989; Ministry of Agriculture of the Republic of Kazakhstan 2011).
5. Plant height is determined by development phases according to the method of State variety testing (Golovachev and Kirilovskaya 1989; Ministry of Agriculture of the Republic of Kazakhstan 2011).
6. Accounting for the number of visits by honey bees in crop pollination (Kirillenko and Golovin 1985; Pankov 2011). We defined the effect of bee pollination and the degree of self-fertility, a method for determining the dependence of the yield of seeds of entomophilous crops on pollination by bees was used (Kirillenko and Golovin 1985).
7. Accounting for the number of pollinating insects visiting crop flowers was carried out in 20x1m2 counting strips in four replicates located 250 m from the apiary using the pollinator counting strip method of Fasulati K.K.
Fig. 4 shows the counting strips in the field marked with twine, tied to stakes and located on both sides of the center of the plot. Pollinator counts are carried out daily from 6 a.m. to 6 p.m., every two hours. The observer walks along the counting strip and counts the number of honey bees visiting the flowers. We determined the structural elements of yield using the State Variety Testing methodology (Golovachev and Kirilovskaya 1989; Ministry of Agriculture of the Republic of Kazakhstan 2011).

3. LITERATURE REVIEW
The productivity of entomophilous crops and the conservation of the biodiversity of natural phytochromes directly depend on the number and biological diversity of pollinator populations. More than 500 species of cultivated plants are cultivated globally, of which more than 95% require pollination, carried out by honey bees and single or wild bee swarms. Entomophilous crops occupy more than half of the cultivated agricultural areas and provide more than a third of the total volume of food products. In Kazakhstan and neighboring countries, about 190 plant species, excluding medicinal and ornamental ones, also require bee pollination to achieve optimal yield indicators (Chenikalova and Cherkashin 2019). 
In modern conditions, agrocenoses formed and maintained by humans are becoming the main type of ecosystem in the steppe and foothill regions since their main purpose is producing agricultural products. Unlike natural ecosystems, agrocenoses are characterized by a limited diversity of species, with more than 70% of them being entomophilous plants that require cross-pollination (Komlatsky et al. 2020). The active use of chemical plant protection products has significantly reduced the number of insects that act as natural pollinators (Kashina and Kashin 2007). As a result, honeybees have become the main pollinators in these conditions (Sergienko et al. 2018). The efficiency of entomophilous crops is determined not only by their variety but also, to a large extent, by the quality of pollination processes. Among the various insect pollinators, honeybees play a leading role (Komlatsky et al. 2013). 
Bee pollination is the most effective method of increasing crop yields, which agrotechnical measures cannot replace. Pollination of crops such as sunflower, buckwheat, and alfalfa, as well as fast-growing orchards and other plants whose yields significantly depend on cross-pollination, is especially important (Komlatsky 2016). The efficiency of development and productivity of bee colonies is determined by the quality of queens and their genetic potential (Eremia and Neicovcena 2011; Eremia et al. 2018). One of the unique features of Carpathian bees is their ability to quickly and vigorously mobilize forces for the optimal use of the average honey flow (Malkova 2007). The selection of bee colonies is carried out mainly based on criteria such as honey productivity, winter hardiness, disease resistance, queen fertility, colony strength, swarming and wax productivity, and other characteristics (Krivtsov 1995, 2009). It is important to note that disease resistance, viability, adaptation to local conditions, methods of artificial feeding of bees, and other approaches to managing bee colonies help mitigate the negative factors affecting their productivity (Büchler et al. 2010). 
Beekeeping is key in the agricultural sector and ecosystems (Szczurek et al. 2023; Vassilev et al. 2019). Honey bees act as the main pollinators of both cultivated and wild plants, which helps to increase crop yields and vegetation diversity (Kashkovsky 2021).
Research is needed to cultivate and restore honey-producing plants in the arid steppes of Northern Kazakhstan to ensure the preservation and sustainability of honey sources. This, in turn, will help to raise awareness of the importance of the honey base for ecology. Knowledge exchange and interaction between scientists, beekeepers, and ecologists will allow for the effective development and implementation of strategies for the sustainable management of honey resources and the conservation of their biological diversity in the arid steppes of Northern Kazakhstan.

4. RESULTS AND DISCUSSION
A study of honey productivity data from honey resources showed complex relationships dependent on many factors. These include microclimatic conditions such as illumination, temperature, humidity, wind, drought, and geographical parameters including latitude and altitude. No less important is the anthropogenic impact, including soil type, agricultural practices, fertilizer use, and irrigation. According to studies by other authors (Samsonova 2004), the optimal temperature range for active nectar secretion is 22-31°C. During the flowering period of honey crops (from June to August), average daily temperatures ranged from 20.0°C to 24.4°C (Fig. 5). Comparison of actual temperatures with the optimal temperatures for the growth and development of perennial grasses (25-32°C) and photosynthesis (25-28°C) (Samsonova 2004) allows us to conclude that the temperature conditions contributed to intensive nectar secretion and an increase in honey productivity.
Analysis of the distribution of atmospheric precipitation during the growing season revealed significant unevenness, which affected the growth and development of honey crops (Fig. 6).
The year 2024 was characterized by the maximum amount of precipitation (334 mm), with the key factors being heavy precipitation in May (76.9 mm) and August (106.6 mm). This ensured optimal moisture supply during the critical growth and flowering phases, which positively affected honey productivity.
The year 2023 was the least favorable (156 mm of precipitation). Despite heavy precipitation in April (64.1 mm, 3 times higher than the long-term average), a sharp decrease in precipitation in May and June during the critical phases negatively affected plant development.
The year 2022 demonstrated specific dynamics. Low moisture at the beginning of the growing season (April-May) limited initial growth. However, sufficient precipitation in July (52.9 mm, at the level of long-term average values) during the budding-flowering phase compensated for the initial moisture deficit.
Therefore, the year with the maximum total precipitation is not necessarily the most favorable. The dynamics of precipitation distribution throughout the growing season and the correspondence of this precipitation to the needs of plants in critical phases of development are important.
Analysis of available literature shows that for most plants, optimal conditions for nectar secretion are achieved at a relative air humidity of 60% to 80% and soil moisture at 50-60% of the total moisture capacity. However, some species, such as meadow knapweed and sweet clover, can produce nectar even under low humidity conditions, indicating the presence of adaptive mechanisms and the possible independence of nectar productivity from standard humidity indicators.
During the study, conducted from June to August, the relative air humidity in the growing area of ​​legumes ranged from 52% to 79%, which is close to the optimal values described in scientific sources. However, interannual variability was observed: the most favorable humidity conditions were recorded in 2024, while in 2023, the conditions were less favorable (see Fig. 6). This suggests that in 2024, the nectar production potential of honey crops could be realized to a greater extent compared to 2023, which requires identifying the relationships between humidity indicators and the actual nectar productivity of the studied plants.
The analysis of meteorological conditions during the study years revealed the following characteristics: 2022 is marked by dry conditions with a hydrothermal coefficient (HTC) of -0.173, while 2023 is characterized by dry conditions (HTC -0.126). Unlike previous years, 2024 shows moderate conditions with a HTC of -0.303.
The study of bioclimatic potential (BCP) according to the Shashko method for the period 2022–2024 showed significant fluctuations in values: in 2022, the BCP was -0.74, which corresponds to the category of very low potential (≤0.8), in 2023 it improved to -0.53, and in 2024 it reached a value of 2.2, indicating an average bioclimatic potential (1.6-2.2).
The data analysis revealed significant differences in the attractiveness of honey crops for bees during the day. Bees' greatest activity and, as a consequence, optimal conditions for pollination are recorded in the interval 11:00-15:00 (see Table 2), which is consistent with generally accepted ideas about the peak of bee flight activity.
At the same time, significant differences are observed between the crops. Sainfoin and yellow sweet clover demonstrate superior bee visitation rates compared to blue hybrid alfalfa during the specified period. It is noted that blue hybrid alfalfa is characterized by the smallest number of bees at 9:00, which may indicate specific features of flowering or nectar secretion of this crop, causing a later start of bee activity on it. During the observation period, yellow sweet clover stands out as the most attractive crop for bees, which allows us to predict its potentially higher honey productivity than the other studied crops.
Data analysis revealed the differentiation of honey crops by the degree of their attractiveness to bees during the day. Rapeseed and yellow sweet clover are recorded as the most in-demand by bees; the peak of visitation occurs between 11:00 and 13:00, consistent with previously published data (Samsonova 2004), emphasizing the high entomophily of these species. At the same time, the visitation rate of mustard and phacelia was significantly lower, possibly due to the specificity of nectar productivity or competition with more attractive food sources. Notably, sunflower, traditionally considered a significant honey plant (Samsonova 2004), demonstrated relatively low visitation rates in this study (see Table 3). This discrepancy may be explained by the varietal characteristics of the hybrids or the influence of meteorological factors, requiring further study to establish a cause-and-effect relationship.
The study's results highlight the significant influence of honey bees on flower sets in various crops. In the control plots where bees were absent, the flower set rate was significantly lower compared to the plots pollinated by bees. The most pronounced difference is observed in buckwheat, where the flower set rate was 20% in the control plots versus 69% in the pollinated plots and rapeseed - 40% versus 85%. These data indicate a high dependence of these crops on insect pollination. In addition, yellow sweet clover and sand sainfoin demonstrate a significant increase in flower set in the presence of bees, consistent with previously obtained results (Samsonova 2005а). Interestingly, even in crops such as sunflower and phacelia, which can be partially pollinated by the wind or independently, an increase in flower set by 30–40% is observed with the participation of bees. This is consistent with the findings of (Samsonova 2005b), which indicate that additional pollination by bees can increase sunflower yields by 20–30%.
The results also confirm the data of (Samsonova 2005b), according to which, without bees' participation, the flower setting level of most honey plants remains low. In particular, this figure does not exceed 25–30% for buckwheat without bees, which is consistent with our data (20%). Similar trends are observed for rapeseed, emphasizing the need to place apiaries near crops to optimize yields.
Nectar productivity is a quantitative characteristic of the volume of nectar produced by plants, mainly by floral organs. It can be expressed in various units of measurement, such as milliliters per flower or grams per hectare. This indicator is of significant importance both in ecology and agriculture since it directly affects the food base for pollinators, including bees, butterflies, and other insects, and the volume of honey production. The study of nectar productivity is an important aspect of increasing the efficiency of agricultural production, protecting biodiversity, and maintaining the sustainability of ecosystems. The quality of honey produced is affected by temperature, humidity, light, and soil quality. Different plant species demonstrate different levels of nectar productivity, which can be critical for optimizing agronomic practices. 
An analysis of the results of the study, conducted as part of the surveys and observations of plants in single-species crops of agrophytocenoses of perennial and annual honey crops, shows that in the honey conveyor over three years (2022-2024), buckwheat crops provided the highest seed yield per unit area among all the studied crops. The buckwheat yield was 8.0 centners per hectare, and the nectar productivity reached 81.6 kilograms per hectare, which was also accompanied by the most extended flowering period of up to 42 days (see Table 4). These results highlight the importance of buckwheat as a valuable element in agroecosystems, contributing to both increased agricultural productivity and ecosystem sustainability. 
The study revealed high nectar productivity of sainfoin and yellow sweet clover crops, amounting to 90.8 and 103.8 kg/ha, respectively. These crops play a key role in the honey conveyor, providing a stable source of nectar for 55 days of flowering (from May 30 to July 25).These results aligns with the study of Serekpayev and Saurov (2025), who observed similar results while studying the double effect a honey conveyor has on both honey production and seed productivity. Serekpayev and Saurov (2025) also observed similar results for sainfoin and yellow sweet clover crops, stating that this high productivity trait makes buckwheet, yellow sweet clover and sainfoin excellent candidates for honey conveyor systems in arid regions.
In the steppe zone of the Akmola region, sunflower and mustard demonstrated high yields, averaging 12.4 and 11.7 c/ha over three years. However, their nectar productivity was lower than that of other crops studied. Nevertheless, mass cultivation of these plants can provide a significant amount of nectar from the first ten days of July to the second ten days of August, with a total flowering period of 35 days. Buckwheat, with a nectar productivity of 163.2 kg / ha, stands out as one of the most valuable crops, playing an important role in the honey conveyor. These results are consistent with regional surveys that identify buckwheat, sweet clover and sainfoin as key honey plants in Central Asia and Kazakhstan. Kurmanov (2023) in his study on honey and nectar-free pergan-bearing plants of Central Asia and Kazakhstan reported that in northern Kazakhstan sunflower and white mustard are important nectar sources, while Onobrychis (sainfoin) is prevalent farther south.
Buckwheat, clover, and sainfoin all produce a lot of nectar, which probably explains why bees find them appealing. Because it provides a lot of nectar and pollen, sainfoin is known to draw in dense bee communities (Butters et al. 2022). According to Sakhraoui et al. (2024), sainfoin flowers attract ten times as many bees as alfalfa or white clover because they produce rich nectar and pollen. They noted that sainfoin is commonly foraged by native and managed pollinators, including Apis, Bombus, and Osmia, in a variety of climates.
Similarly, yellow sweet clover, Melilotus officinalis, blooms for several weeks, offering a sustained supply of nectar. Sweet clover's long bloom and high nectar content in this study were in line with predictions made by earlier research, and its honey yield was calculated to be substantial. Honeybees significantly boost oilseed crop yield, according to empirical research. Mazzilli et al. (2023) found that additional Apis mellifera visitation increased rapeseed yield by about 14% (2089 vs. 1836 kg/ha), and Hossain et al. (2021) found that bee pollination increased mustard seed set by 15%. The high nectar values for buckwheat, clover, and sainfoin suggest that those crops would draw a lot of bees and improve pollination, even though we did not measure pollination services specifically. However, even though they produced a lot of flowers, sunflower and mustard had shorter bloom times and lower nectar concentrations, which made them less dependable sources during dry years. Sunflower nectar's value to bees may be limited due to its variable nectar quality, pollen's low protein content, and nectar sugar content (Husband et al. 2025). Its late-season bloom, however, helps to cover midsummer voids.
Notably, pollination produces co-benefits: in Kazakhstan, rape and sunflower integration in crop rotations has been promoted in part due to bee cross-pollination, which increases seed size and oil content (reported increases of 20–30% in sunflower and canola yields). This pattern (high harvest index but modest nectar) is consistent with the rapeseed plots in this study. In contrast, new research indicates that bee pollination increased buckwheat seed yields in northern Kazakhstan, a sign of true meliferous plants like buckwheat. According to Defalque et al. (2025), buckwheat's floral resources are extremely vulnerable to heat, drought, and stress, all of which significantly lower nectar and pollen levels and, consequently, pollinator visits.
Yellow sweet clover and sandy sainfoin also demonstrated results, which makes them important for maintaining the bee population during the flowering period. At the same time, phacelia tanacetifolia showed low yield and nectar productivity (0.43 c / ha and 21.2 kg / ha), which makes it less preferable for the honey conveyor in the conditions of the arid steppe zone. Rapeseed crops, despite high yield (10.5 c / ha) and flowering duration (27 days), also demonstrated low nectar productivity (37 kg / ha) compared to other crops.
Yellow sweet clover is leading in flowering duration, providing nectar for 37 days. Buckwheat and mustard also have significant flowering periods (42 and 29 days, respectively), which makes them important for maintaining a stable nectar flow. The quality of honey obtained from single-species crops of honey plants depends on the botanical origin, growing conditions, and meteorological factors. Table 5 presents the quality indicators of honey, such as moisture, acidity, diastase number, and inverted sugar content, obtained from different crop periods in the conveyor. Staggered flowering is an essential characteristic of a honey belt. According to our data, sainfoin and sweet clover flower for one to two months each, while mustard and buckwheat have somewhat longer flowering periods. Phacelia, which is known for its long bloom in temperate regions, did not fare well in this area, most likely as a result of its late planting and drought stress. On the other hand, the prolonged bloom of sainfoin is consistent with earlier findings (Żarczyński et al. 2025). This study's crop combination roughly corresponds to a nectar calendar that runs from late May to mid-August. Such sequencing is essential in practice because, even in the absence of late-flowering species, bees will starve despite an abundance of nectar in the early season. This aligns with the opinions of UNDP beekeepers that bees can be kept busy throughout the year by mass-flowering legumes and cereal belts, also known as the "green grass conveyor."
	In contrast, monocultural fields in other areas frequently exhibit gaps. Thus, phacelia, sainfoin, and mixes have been promoted by West European schemes. According to recent studies, bees may not find phacelia appealing if other blooms compete with it, even if it is planted for pollinators (Żarczyński et al. 2025). The high nectar content of clover and buckwheat in our environment indicates that bees would be drawn to those plants before phacelia.
The optimum moisture content of honey should be below 20%. The lowest moisture content was recorded in honey obtained from sunflower, amounting to 15.8%. This value may indicate the high quality of this product. At the same time, the highest moisture content is observed in buckwheat honey (18.6%), which is acceptable, but may indicate an increased likelihood of crystallization.
Honey acidity is an important parameter that determines its quality. Low acidity is considered optimal, which helps improve the organoleptic characteristics of the product. The lowest acidity was recorded in honey from sand sainfoin (1°), which makes it preferable for consumption. In contrast, the highest acidity value (3°) is observed in rapeseed and buckwheat honey, which may negatively affect the taste of these products.
The diastase number, reflecting the activity of enzymes, also significantly affects the quality of honey. The highest diastase number was recorded in buckwheat honey (28.4), indicating its high quality. In contrast, sweet clover honey demonstrated the lowest diastase number (13.8), which may indicate its lower quality.
The content of invert sugar is an important criterion for assessing the sweetness of honey. The highest content of invert sugar was found in sainfoin honey (78), making it sweeter than other samples. The lowest value of invert sugar is observed in sweet clover honey (73). In particular, buckwheat honey frequently has a high phenolic and antioxidant content, and the honey produced from our conveyor crops satisfies standard quality criteria and has chemical characteristics that reflect floral origin (Ongalbek et al. 2024; Pătruică et al. 2022). Sunflower honey had significantly more flavonoids than rapeseed honey, according to a study of Romanian honeys by Pătruică et al. (2022), demonstrating how bioactive compounds are driven by botanical sources. The findings demonstrated comparable patterns and support the notion that blending different nectar sources will produce honey with a range of health and sensory qualities. Additionally, they back up research trends that indicate the chemical profiles of buckwheat and sainfoin make them particularly promising for "high-quality" honey.
The crops under examination show varying degrees of resistance to the cold springs and hot, dry summers of northern Kazakhstan's arid continental climate. According to Sakhraoui et al. (2024), sainfoin's protective physiology naturally adapts it to semi-arid environments. Similarly, Żarczyński et al. (2025) recommend phacelia for low-input mixtures due to its remarkable resistance to frost and drought. However, buckwheat is more sensitive to heat or drought, which significantly lowers its flower count, nectar production, and bee visits. This is important because Kazakhstan's summers are notoriously dry (Defalque et al. 2025). While oilseeds like rapeseed require more moisture, leguminous clovers increase soil nitrogen content and are more drought-tolerant. Overall, the species tested exhibit a variety of adaptations. 
The relatively poor performance of alfalfa and phacelia in the Northern Kazakhstan region is probably due to the region's unpredictable precipitation. These findings support more general analyses showing that plant-pollinator synchrony is changing due to climate change. Thus, any management plan must account for phenology under variable weather. The ecological implications show that it is entirely possible to strengthen the pollinator base in an otherwise harsh landscape by choosing drought-tolerant nectar plants (clover, sainfoin) and staggered bloom times.

4.1. Correlation Analysis of Honey Productivity and Crop Yield
An additional important aspect of the conducted research was the performance of a correlation analysis between the honey productivity indicators (kg/ha) and the yield of the studied crops with and without pollination. For this analysis, a linear relationship was constructed using a regression model (Amirgaliyev et al. 2019; Merembayev et al. 2022; Nick and Campbell 2007) between the yield and honey productivity for different crops, and a comparative analysis was carried out with and without pollination. The R2 metric (Sotirchos et al. 2019) was used to assess the proximity of the indicators.
The analysis's results confirmed the importance of bee pollination for most of the studied crops, demonstrating a close correlation and an increase in yield compared to without pollination. Thus, according to the results of the correlation analysis, the highest degree of relationship between yield and honey productivity was noted in yellow sweet clover and sand sainfoin. This confirms the previously obtained results on the high attractiveness of these crops for bees and their significant role in the formation of the honey conveyor.
Blue hybrid alfalfa and tansy-leaved phacelia also demonstrated a positive correlation, although the degree was lower compared to sweet clover and sainfoin. This may be due to the peculiarities of these plants' flowering and nectar secretion, which require additional study and consideration when planning honey conveyors.
Rapeseed, mustard, and sunflower crops showed a moderate correlation between yield and honey productivity. This emphasizes the need for an integrated approach when including these crops in the honey conveyor system. Despite its high nectar productivity, Buckwheat showed a relatively low correlation with yield in the presence and absence of pollination, which may be due to other factors affecting yield formation, such as agronomic conditions or variety characteristics.
Thus, the correlation analysis emphasized the importance of organizing high-quality pollination to increase the yield and honey productivity of most of the studied crops, especially yellow sweet clover and sandy sainfoin, which can be recommended for priority inclusion in the honey conveyor in the conditions of the arid steppe zone of the Akmola region.
Analysis of the quality indicators of honey allows us to conclude that honey obtained from sandy sainfoin and buckwheat has high quality characteristics due to low acidity and high diastase number. Blue hybrid alfalfa and sunflower also show promising results, but honey from these plants has a slightly higher acidity.
When interpreting the results of this study, it is important to take into account a number of limitations. The field trials' three-year duration and single-site location might not have adequately captured longer trends or wider spatial variability, indicating that a larger multi-site study would strengthen the validity of our findings. Additionally, uncontrolled extreme events like late frosts and heatwaves could skew results, and interannual weather fluctuations; particularly in rainfall during critical flowering periods, probably affected nectar yields and may have obscured the true potential of the studied crops.
The use of a single cultivar for each crop, such as "Shortandyrskaya" buckwheat and "Lazurnaya" alfalfa, limits the findings' ability to be extrapolated because different cultivars may have different nectar or bloom characteristics. Although the monitoring scope was centered on nectar and honey parameters, it did not identify pollinator species or include continuous bee visitation counts, so our evaluation of pollination effects is still indirect. Lastly, the direct application of our findings may be limited because the use of pure monoculture stands for experimental clarity does not accurately represent the mixed-species composition of actual agricultural landscapes.
Future research priorities are indicated by these limitations. Breeding efforts should concentrate on producing cultivars with improved stress tolerance and nectar yield, such as buckwheat varieties that are more heat-resistant or sainfoin with a higher sugar content. To confirm a continuous nectar supply, research at the landscape scale must move from monocrops to testing integrated "nectar belts" through intercropping or sequential planting. Assessing the synergistic roles of wild and managed pollinators within diverse floral communities and comprehending pollinator foraging behavior under drought and high temperatures are crucial in light of climate change. Long-term honey quality assessment should also be a part of future research to connect agronomic practices to bioactive compounds and explore low-input, sustainable management strategies that work in concert with soil conservation, nectar production, and comprehensive climate adaptation plans.

5. CONCLUSION
A comparative assessment of various honey crops grown in the steppe zone of the Akmola region revealed that buckwheat, yellow sweet clover, and sand sainfoin are the most valuable crops for the honey conveyor due to their high nectar productivity and flowering period. Buckwheat and yellow sweet clover demonstrated the best results in nectar productivity, which makes them especially valuable for beekeeping. Meanwhile, sunflower and mustard have a high yield and lower nectar productivity rates. Some crops, such as alfalfa and phacelia, showed low nectar productivity and yield rates, which makes them less preferable for crops.
An effective honey conveyor requires a combination of crops with high nectar productivity and a long flowering period, which ensures constant access to nectar for bees. Crops should be selected depending on the goals: to maximize nectar productivity, buckwheat and sweet clover should be preferred, while sunflower and mustard are suitable for achieving high yields. Sand sainfoin and buckwheat are the most promising for obtaining high-quality honey.
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Table 1. Field experiment scheme
	No.
	Crop
	Variety
	Sowing rate
(million germinated seeds)
	Sowing date
	Sowing method

	1
	Sainfoin
	Shortandinsky ruby
	4
	02.05
	Wide-row
60 cm

	2
	Alfalfa
	Lazurnaya
	3
	02.05
	Wide-row
60 cm

	3
	Yellow sweet clover
	Sarbas
	3
	02.05
	Wide-row
60 cm

	4
	Rapeseed
	Maybulak
	3
	15.05
	Row
15 cm

	5
	Mustard
	Slavyanka
	3
	15.05
	Row
15 cm

	6
	Phacelia
	Ulyanovskaya
	3
	15.05
	Wide-row
60 cm

	7
	Sunflower
	Sochinsky
	0.06
	14.05
	Wide-row
70 cm

	8
	Buckwheat
	Shortandinskaya-4
	2.5
	30.05
	Row
15 cm



Table 2. Number of pollinating bees per 20 m2 of honey crops in a conveyor during the day, hour (average for 2022-2024)
	Crops
	Times

	
	9:00
	11:00
	13:00
	15:00
	17:00

	Blue hybrid alfalfa
	8
	76
	96
	47
	23

	Sand sainfoin
	11
	66
	115
	54
	25

	Yellow sweet clover
	10
	85
	124
	95
	22

	Phacelia tanacetifolia
	4
	13
	27
	14
	6

	Sunflower
	7
	74
	118
	92
	36

	Mustard
	6
	68
	112
	58
	24

	Rapeseed
	29
	125
	86
	57
	22

	Buckwheat
	28
	41
	101
	84
	17



Table 3. The number of flowers set in honey crops in the conveyor from pollination by honey bees, % m2
	Crops
	Years

	
	2022
	2023
	2024
	Average for 3 years

	
	plots without bees (control)
	plots with bees
	plots without bees (control)
	plots with bees
	plots without bees (control)
	plots with bees
	plots without bees (control)
	plots with bees

	Blue hybrid alfalfa
	7
	55
	6
	52
	9
	65
	7
	57

	Sand sainfoin
	17
	65
	15
	60
	22
	75
	18
	67

	Yellow sweet clover
	6
	55
	5
	50
	9
	65
	7
	57

	Phacelia tanacetifolia
	15
	72
	22
	78
	30
	85
	22
	78

	Sunflower
	42
	88
	48
	92
	55
	95
	48
	92

	Mustard
	35
	85
	42
	90
	50
	95
	42
	90

	Rapeseed
	40
	85
	35
	80
	50
	95
	42
	87

	Buckwheat
	20
	68
	18
	65
	25
	75
	21
	69



Table 4. Productivity and nectar productivity of single-species crops of honey plants in the conveyor
	Crop
	Sowing method, row spacing
	Sowing rate, million germinated seeds/ha
	Sowing time
	Yield, c/ha
	Beginning and end of flowering
	Flowering duration, days 
	Nectar productivity, kg/ha

	Blue hybrid alfalfa
	wide-row, 60 cm
	3,0
	02.V
	1,6
	07.VI
04.VII
	27
	42,6

	Sand sainfoin
	wide-row, 60 cm
	4,0
	02.V
	3,8
	30.V
15.VI
	16
	90,8

	Yellow sweet clover
	wide-row, 60 cm
	3,0
	02.V
	1,4
	18.VI
25.VII
	37
	103,8

	Phacelia tanacetifolia
	wide-row, 60 cm
	3,0
	15.V
	0,43
	02.VII
29.VII
	27
	21,2

	Sunflower
	wide-row, 60 cm
	0,06
	14.V
	12,4
	25.VII
07.VIII
	13
	54,8

	Mustard
	row, 15 cm
	3,0
	15.V
	11,7
	03.VII
01.VIII
	29
	42,4

	Rapeseed
	row, 15 cm
	3,0
	15.V
	10,5
	07.VII
02.VIII
	27
	37

	Buckwheat
	row, 15 cm
	2,5
	30.V
	8,0
	27.VI
08.VIII
	42
	163,2



Table 5. Quality indicators of honey from single-species crops of honey plants in the conveyor
	Crop
	Sowing method, row spacing
	Seeding rate, million shoots. seeds/ha
	Sowing period
	Honey quality indicators

	
	
	
	
	humidity, %
	acidity (degrees)
	дdiastase number (Gothe units)
	invert sugar

	Blue hybrid alfalfa
	wide-row, 60 cm
	3,0
	02.V
	17,3
	2
	17,3
	75

	Sand sainfoin
	wide-row, 60 cm
	4,0
	02.V
	16,8
	1
	15,7
	78

	Yellow sweet clover
	wide-row, 60 cm
	3,0
	02.V
	16,2
	1
	13,8
	73

	Phacelia tanacetifolia
	wide-row, 60 cm
	3,0
	15.V
	17,2
	2
	16,4
	72

	Sunflower
	wide-row, 60 cm
	0,06
	14.V
	15,8
	2
	13,8
	75

	Mustard
	row, 15 cm
	3,0
	15.V
	16,6
	2
	18,6
	73

	Rapeseed
	row, 15 cm
	3,0
	15.V
	16,3
	3
	20,8
	75

	Buckwheat
	row, 15 cm
	2,5
	30.V
	18,6
	3
	28,4
	77
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Fig. 1: Location of bee colonies for pollination of experimental plots
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Fig. 2: Location of gauze insulators in experimental areas
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Fig. 3: Field experiment scheme
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Fig. 4: Layout of honey bee apiary, counting strips and isolators in seed plots


Fig. 5: Average daily air temperature during the growing season of perennial legumes, 0 C (2022-2024)


Fig. 6: Intake of atmospheric precipitation during the growing season of perennial legume crops, mm (2022-2024)


Fig. 7: Relative air humidity during the growing season of perennial legumes, % (2022-2024)
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	Blue hybrid alfalfa with pollution
	Blue hybrid alfalfa without pollution
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	Sand sainfoin with pollination
	Sand sainfoin without pollination
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	Yellow sweet clover with pollination
	Yellow sweet clover without pollination
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	Phacelia tanacetifolia with pollination
	Phacelia tanacetifolia without pollination
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	Sunflower with pollination
	Sunflower without pollination
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	Mustard with pollination
	Mustard without pollination
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	Rapeseed with pollination
	Rapeseed without pollination
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	Buckwheat with pollination
	Buckwheat without pollination


Fig. 8: Correlation analysis for the Honey productivity indicators, kg/ha
2022	
IV	V	VI	VII	VIII	IX	X	8.3000000000000007	15.7	20.2	21.1	17.2	12	4	2023	
IV	V	VI	VII	VIII	IX	X	3.2	15.3	20	24.4	19	11.8	6.6	2024	
IV	V	VI	VII	VIII	IX	X	7.4	11.2	22.6	21.7	17.3	10.9	4.5999999999999996	



2022	
V	VI	VII	VIII	IX	X	16.899999999999999	22.2	52.9	25.2	0	0	2023	
V	VI	VII	VIII	IX	X	2.5	13.2	10.6	12.7	33.200000000000003	19.7	2024	
V	VI	VII	VIII	IX	X	76.900000000000006	62.3	63.3	106.6	7.7	6.5	



2022	
IV	V	VI	VII	VIII	IX	X	54	49	57	61	68	64	67	2023	
IV	V	VI	VII	VIII	IX	X	56	48	52	54	65	78	74	2024	
IV	V	VI	VII	VIII	IX	X	70	69	68	73	79	71	71	
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